Controlled rate thermal analysis (CRTA) allows the separation of adsorbed and intercalated hydrazine. CRTA displays the presence of three different types of hydrogen-bonded hydrazine in the intercalation complex (a) adsorbed loosely bonded on the kaolinite structure fully expanded by hydrazine-hydrate and liberated between approx. 50 and 70°C (b) The second intercalated-hydrazine is lost between approx. 70 and 85°C, (c) The third type of intercalated-hydrazine molecule is lost in the 85-130°C range. CRTA at 70 °C enables the removal of hydrazine-water and results in the partial collapse of the hydrazine-intercalated kaolinite structure to form a hydrazine-intercalated kaolinite. Removal of the adsorbed hydrazine enables the DRIFT spectra of the hydrazine-intercalation complex. A band at 3626 cm -1
hydrate into kaolinite increases the complexity of the molecular interaction between the kaolinite surfaces and the hydrazine. Ledoux and White first reported the expansion of kaolinite from 7.2 Å to 10.4 Å upon intercalating hydrazine into the kaolinite structure (7) . Mild heating resulted in deintercalation accompanied with the partial collapse of the structure to 9.4Å. Johnston and Stone showed the effect of evacuation on the kaolinite-hydrazine complex with the subsequent collapse of the structure from 10.4 Å to 9.6 Å (6,10). Frost et al proposed a new model for hydrazine intercalation based on the insertion of a hydrazine-water unit (12) The thermal behaviour of hydrazine-intercalated kaolinite shows a close similarity to that of the formamide-intercalated complex. In addition to the involvement of water in the intercalation process and in the structure of the complex, hydrazine is also liberated from the intercalated clay in two overlapping stages (13) .
The innovative technique of controlled rate thermal analysis allows the possibility to separate the adsorbed and intercalated molecules (14, 15) . In this work we report a comprehensive study of the modification of kaolinite surfaces with hydrazine and the further modification of these surfaces through the controlled release of hydrazine/water through CRTA treatment. Changes in the molecular structure of both the kaolinite and the inserting hydrazine molecule through this CRTA treatment are reported.
Experimental

Intercalation of kaolinite
The kaolinite used in this study is a low defect kaolinite from Királyhegy in Hungary. This mineral has been previously characterised both by X-ray diffraction and by Raman spectroscopy (11, 12) . The kaolinite was purified through sedimentation and the 2-20 micra sized fraction was selected for intercalation. The intercalate was prepared by mixing 300 mg of the kaolinite with 5 cm 3 of a 85%
hydrazine hydrate aqueous solution for 80 hours at room temperature, magnetically stirred in a closed ampoule (13) . The excess solution was decanted and the intercalated kaolinite was immediately subjected to spectroscopic analysis.
X-Ray Diffraction
XRD analyses were carried out on a Philips wide angle PW 1050/25 vertical goniometer equipped with a graphite diffracted beam monochromator. The d-spacing and intensity measurements were improved by application of a self developed computer aided divergence slit system enabling constant sampling area irradiation (20 mm long) at any angle of incidence. The goniometer radius was enlarged from 173 to 204 mm. The radiation applied was CuKα from a long fine focus Cu tube, operating at 40 kV and 40 mA. The samples were measured at 50%
relative humidity in stepscan mode with steps of 0.02° 2θ and a counting time of 2s. Relative humidity was controlled using a constant vapour pressure of water.
Measured data were corrected with the Lorentz polarisation factor (for oriented specimens) and for their irradiated volume.
Diffuse reflectance Fourier transform infrared spectroscopy (commonly known as DRIFT) analyses were undertaken using a Bio-Rad 60A spectrometer. 512
scans were obtained at a resolution of 2 cm -1 . Spectroscopic manipulation such as baseline adjustment, smoothing and normalisation were performed using the dynamic experiment with a constant and continuous heating rate. Such experimentation is not able to determine phase changes, occurring at close temperature intervals. New thermoanalytical techniques, which can separate thermal processes, have been developed. (7, 9, 13) . Under controlled rate conditions, i.e. at a pre-set, low rate of decomposition, sufficient time is provided for slow heat and mass transfer processes to occur. With this technique, some "hidden" reactions, and transformations can be observed, which are not normally seen with linear-even slowheating. The method is known as constant rate thermal analysis (CRTA) and depends on the rate of mass loss, such that no heating occurs when the phase change occurs.
Such thermoanalytical experiments are known as isothermal TGA or quasi-isothermal TGA. The technique of CRTA thermal analysis enables the separation of the adsorbed from the intercalated kaolinite. This is achieved through stopping the experiment between the desorption step and the deintercalation step.
Thermoanalytical studies showed that the removal of intercalated hydrazine-hydrate below 150°C is a complex process and that the liberation of both hydrazine and water from the complex takes place in two overlapping stages (12) . The complexity of the thermal decomposition patterns and the subtleties of the vibrational spectroscopic (FT-IR and Raman spectrometric) data require a detailed study of this thermal decomposition mechanism. The thermal decomposition curves (TG) of hydrazineintercalated kaolinite recorded under controlled rate heating conditions are shown in Figure 1 . Figure 1a shows that mass loss takes place in a linear fashion once the constant, pre-set rate of 0.15 mg min -1 has been reached at approx. 45°C after some 50 minutes. With the constant-rate evolution of the intercalating reagent the temperature remains fairly constant for some 150 minutes. After that a slight increase in temperature can be observed and by the time the maximum measuring range of the instrument (100 mg) has been reached, the temperature spontaneously increased to 55 °C. On prolonged heating the temperature increased to 61°C, then a spontaneous decrease of the decomposition rate was observed at 69°C. With further heating a decomposition stage at 77°C and an another one at 113°C was observed. At approx.
140°C the complex is completely decomposed. TG-MS results also showed that water and hydrazine are lost simultaneously.
The thermoanalytical curves of the intercalate dried in flowing nitrogen for 2 hours before heating are given in Figure 1b . In this case, the sample had a "powdery" appearance and a better resolution of the overlapping decomposition processes could be achieved. In addition to the two types of bonded reagent lost at 77 and 115°C corresponding to 0.12 mol hydrazine-hydrate/mol inner surface OH and 0.31 mol hydrazine/inner surface OH respectively, another mass loss stage of a less strongly bonded reagent can be identified in the DTG curve at 59°C. The amount of the intercalation reagent lost in this step (between 51 and 68°) is 0.20 mol hydrazinehydrate/mol inner surface OH. It means that three types of bonded hydrazine can be identified in a completely expanded kaolinite structure. There are two different explanations for having bonded reagents of different strengths in the complex. Since the inner surface OH groups completely loose their Raman activity upon forming hydrogen bonds with hydrazine molecules and in the infrared spectrum only one hydrogen-bonded OH band appears at 3628 cm -1 , a uniform structure can be supposed at room temperature. With the use of controlled-rate thermal analysis, the presence of three different types of hydrogen-bonded reagent can be identified -and distinguished from the loosely bonded (adsorbed) part-in a kaolinite structure fully expanded by hydrazine- independently of the conditions of sample preparation (drying).
X-ray diffraction
The thermal behaviour of the kaolinite fully expanded by hydrazine-hydrate (as evidenced by X-ray diffraction measurements) can be interpreted as follows.
Adsorbed, surface-bonded hydrazine-hydrate is lost in an isothermal, equilibrium process through evaporation at the beginning of the thermolysis process. The liberation of the hydrazine-hydrate was continued in a quasi-isothermal, equilibrium step until 69°C. This part of the adsorbed reagent is connected a bit more strongly to the clay, most likely to the inner surfaces of the fully expanded mineral. Weakly bonded hydrazine can be connected to the siloxane layer through the hydrogen atoms, can be present as a space filler or can be inserted into the ditrigonal cavity of the siloxane layer (11, 13) . The mass loss stages between 69 and 91°C as well as between 91 and 140°C belong to strongly bonded hydrazine lost in equilibrium, but nonisothermal processes. These intercalated hydrazine molecules form hydrogen bonds with the inner surface OH groups.
In a parallel experiment heating was stopped at 70°C and the quenched sample was immediately subjected to XRD analysis ( Figure 2 ). The XRD pattern of the partially heated complex showed two reflections with interplanar basal distance of 10.3 Å and 9.6Å. When the sample was exposed to room air for some 15 hours, the 9.6 Å reflection almost disappeared and the complex re-expanded to the original dvalue of 10.3Å. This phenomenon can be explained by the uptake of water.
Considering the results of Johnston and Stone with the intercalation of water-free hydrazine resulting in an expansion of kaolinite to 9.6 Å (6), the following conclusion can be drawn. When hydrazine-hydrate is intercalated, kaolinite expands to 10.3 Å.
When the clay reacts with pure hydrazine (without water), an expansion of the kaolinite to 9.3 Å occurs. Knowing the amount of dehydroxylation water and supposing that the inner hydroxyls are not accessed by the intercalating reagent, the amount of bonded reagent is 0.09 mol hydrazine-hydrate/mol inner surface OH (77°C step) and 0.32 mol hydrazine/mol inner surface OH (113°C step). The occurrence of the 9.6Å band in the partially decomposed complex is due to the presence of hydrazine hydrogen-bonded directly to the inner surface OH groups. The presence of the 10.3Å reflection is explained by the connection of hydrazine molecules to the OH groups through water (i.e. in the form of hydrazine-hydrate).
DRIFT Spectroscopy of the hydroxyl-stretching region
The DRIFT spectra of the NH and OH stretching region of hydrazineintercalated kaolinite are shown in Figure 3 and the band component analyses reported in Table 1 The band at 3695 cm -1 is of low intensity and represents the inner surface hydroxyls, which are not hydrogen bonded to the hydrazine. The band centred on 3657 cm -1 is broad. The band at 3626 cm -1 has a band width of 11.9 cm -1 when the hydrazine-intercalated kaolinite is treated under dry nitrogen. The CRTA treatment of the hydrazine-intercalated kaolinite at both 51 and 70°C causes the band to be narrower with a bandwidth of 9.3 cm -1 . Heating the sample with CRTA treatment at 85°C also causes a broadening of the band to 11.9 cm -1 . This means that the CRTA treatment of the hydrazine-intercalated kaolinite is the equivalent of placing the sample under dry nitrogen for 1 hour.
DRIFT Spectroscopy of the amine-stretching region
The NH and OH stretching region of hydrazine and water are shown in Figure   3 and the results of the band component analyses shown in Table 2 It is noteworthy to study the variation in relative intensity of these two bands.
For the dry nitrogen treated hydrazine-intercalated kaolinite the ratio of intensities of the 3362 to 3356 cm -1 bands is 2:3. In other words there is about equal amounts of bonding between the siloxane and hydroxyl surfaces of the kaolinite. When the hydrazine intercalated kaolinite is CRTA treated at 50°C, the ratio of the two bands is now 1:5. Thus under these conditions, the hydrazine is preferentially bonding to the siloxane surface. Upon CRTA treatment at 70°C, the ratio becomes 2:1. Hence the hydrazine is forced to hydrogen bond to the hydroxyl surface. This is likely when the hydrazine-intercalation complex collapses to the 9.6Å phase. Upon CRTA treatment at 85°C, the ratio becomes 2:3, the same as for the dry nitrogen treated hydrazineintercalated kaolinite.
Johnston et al also reported two bands at 3368 and 3363 cm -1 for the 10.3Å
phase of hydrazine-intercalated kaolinite and that these two bands coalesced into a single band at 3363 cm -1 for the 9.5Å phase (6, 10) . In this work we find two bands at 3356 and 3362 cm -1 , which are present for both the 10.3 and 9.5Å phases. These two bands are assigned to two different NH 2 units and it has been proposed that one NH 2 unit bonds to the siloxane layer and the second to the hydroxyl layer. 
DRIFT Spectroscopy of the hydroxyl-deformation region
Not only is the hydroxyl-stretching region sensitive to the modification of the kaolinite surface through bonding with hydrazine, but the hydroxyl-deformation region centre around 914 cm -1 is also sensitive to this bonding. Figure 4 displays the DRIFT spectra for the suite of hydrazine-intercalated kaolinites treated under a range of conditions. The results of the band component analyses are reported in Table 3 . 
Conclusions:
Controlled rate thermal analysis allows the separation of adsorbed and The occurrence of the 9.6Å band in the partially decomposed complex is due to the presence of hydrazine hydrogen-bonded directly to the inner surface OH groups. The presence of the 10.3Å reflection is explained by the connection of hydrazine molecules to the OH groups through water (i.e. in the form of hydrazine-hydrate).
The effects of various CRTA treatments on the hydrazine-intercalation complex can be followed by the changes in the spectra of the hydroxyl stretching region of kaolinite or through the changes in the vibrational modes of the inserting hydrazine and water molecules. The change in the quantity of loosely bonded (surface bonded) hydrazine-hydrate cannot be seen in the FT-IR spectra of the OH stretching range. In contrast, the liberation of the strongly bonded (hydrogen-bonded) reagent can be followed by changes in intensity of the OH stretching bands. In particular the intense band observed at 3628 cm -1 is attributed to the hydrogen bonding of the inner surface hydroxyls to the hydrazine. CRTA treatment at 85°C or through the application of dry nitrogen results in the removal of water from the intercalation system, resulting in a water free hydrazine-intercalation complex. Tables   Table 1. Results of the band component analysis of the DRIFT spectra of the OH-stretching region of CRTA treated hydrazine-intercalated kaolinite. Table 2 . Results of the band component analysis of the DRIFT spectra of the NH-stretching region of CRTA treated hydrazine-intercalated kaolinite. Table 3 . Results of the band component analysis of the DRIFT spectra of the 800 to 1200 cm -1 region of CRTA treated hydrazine-intercalated kaolinite. The removal of the hydrazine can be followed by the increase in intensity of the hydroxyl-stretching bands. Two sharp bands at 3514 and 3481 cm -1 , which are absent when the hydrazine-intercalated kaolinite is either CRTA treated at 85°C or exposed to dry nitrogen for 1 hour are observed and are assigned to the hydroxyl stretching vibrations of water molecules involved in the hydrazine-intercalation complex. In the DRIFT spectra two additional bands are observed at 2885 and 2921 cm -1 assigned to N-H vibrations of hydrazine after CRTA treatment at 70°C involved in strong hydrogen bonding with the kaolinite surface and are not observed in the CRTA treated hydrazine-intercalated complex at 85°C. Two NH stretching vibrations at 3362 and 3356 cm -1 are attributed to two different types of NH 2 units in the intercalation complex, complimented with the observation of two N-N stretching vibrations at 1124 and 1034 cm -1 . The 1250 to 1950 cm -1 region is complex containing the NH 2 twist and scissor modes together with the water deformation modes. 
Concomitantly increases in the inner
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